The newborn period is characterized by an immaturity of neutrophil function and production (1) . Neutrophils in the perinatal period migrate more slowly (2) and granulopoiesis is decreased (3) compared with adults. As a consequence of this relative immunodeficiency, and defects in other aspects of innate and acquired immunity, the preterm and newborn infant has a higher incidence of bacterial infections and a more frequent occurrence of neutropenia in response to sepsis than older children or adults (4, 5) . Despite this increased susceptibility to infection, however, the vast majority of healthy newborns mount an effective immune defense response to a hostile and microbe-rich external environment.
Recent advances in understanding the innate immune system in mammals has provided new insights into alternative antimicrobial defense strategies that were previously underappreciated. Several gene-encoded natural antibiotics are now known, and include families of cationic peptides with potent broad-spectrum activity against bacteria, fungi, and viruses (6, 7) . In particular, the skin represents a frequently challenged interface with the external environment that can respond to injury or microbial challenge by production of antimicrobial peptides and proteins (8, 9) .
In adult human skin, expression of antimicrobial peptides belonging to the cathelicidin gene family (LL-37) and the ␤-defensin family (HBD-2) is low under normal conditions. After injury or infection, these peptides increase rapidly as a consequence of direct synthesis by the epidermal keratinocytes and deposition from recruited granulocytes (10) . Depending on the assay conditions used, these peptides have distinct abilities to inhibit growth or directly kill many Gram-negative and Gram-positive bacteria as well as some fungi. Furthermore, antimicrobial peptides have additional functions, such as inter-acting with the adaptive immune system through various mechanisms including leukocyte chemotaxis (11) . In mice, a deficiency in cathelicidin production leads to increased susceptibility to necrotic skin infections by GAS (12) . These observations support the hypothesis that the production of antimicrobial peptides is an essential element in immune defense.
In this investigation, we hypothesized that the relative deficiency in neutrophil function during the newborn and perinatal period may be partially compensated through enhanced expression of antimicrobial peptides. The expression of the murine cathelicidin (CRAMP) and defensins (mBD-1 and mBD-4) were studied in mouse skin by qualitative immunohistochemistry and in situ hybridization and quantitative measurement of mRNA by RT-PCR. Qualitative evaluation of the expression of the human antimicrobial peptides LL-37 and hBD-2 in newborn foreskin was also done for comparison to the mouse homologues. Finally, the effect of these antimicrobial peptides was studied alone, or in combination, on GBS, an important neonatal pathogen. Our findings support a possible role for antimicrobial peptides during development of the adaptive immune defense system.
MATERIALS AND METHODS
Immunohistochemistry. Balb/c mouse d 17 embryos (E17) dissected from timed pregnant mothers (Jackson Laboratories, Bar Harbor, ME, U.S.A.), 4-d-old pups, or adult skins were embedded in O.C.T. Compound (Tissue-Tek, Torrance, CA, U.S.A.). Fresh frozen sections were cut at 10 M, dried and fixed for 20 min in 4% paraformaldehyde in PBS (138 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 7 H 2 O, 1.5 mM KH 2 PO 4 , pH 7.3). Sections were rinsed in PBS, and endogenous peroxidase activity was quenched for 30 min with 0.3% H 2 O 2 in water and stained using a Vectastain ABC Elite Standard kit (Vector Laboratories, Burlingame, CA, U.S.A.) per the manufacturer's instructions. Briefly, samples were blocked with 2% goat serum in PBS for 20 min then incubated for 60 min with primary antibody diluted in PBS/3% BSA and immunostained as previously described (10) . Primary antibodies were either rabbit anti-LL-37 immune serum (with preimmune control) at 5 g/mL, affinity-purified rabbit anti-CRAMP IgG (with rabbit IgG control) at 0.8 g/mL, or affinity-purified rabbit anti-mBD-4 (with rabbit IgG control) at 10 g/mL (Alpha Diagnostic Intl., San Antonio, TX, U.S.A.). Sections were washed with PBS and goat anti-rabbit biotinylated antibody (Vector Laboratories) was applied in PBS, 1% goat serum for 30 min. After washing in PBS, ABC reagent was applied in PBS, 1% Tween-20. DAB substrate (Sigma Chemical, St. Louis, MO, U.S.A.) was applied for 4 min and Gill's hematoxylin (Vector Laboratories) was used to counterstain, per manufacturer's instructions. All mouse and human tissues were obtained with the approval of the Veteran's Administration San Diego Committee on Animal Studies and the University of California-San Diego Institutional Review Board on Human Subjects, respectively.
RT-PCR. RNA was extracted from E15, E17, 1-d-old, 4-dold, and adult mouse skins or mouse femur bone marrow using TRIzol Reagent (Invitrogen, Carlsbad, CA, U.S.A.) per manufacturer's directions. RT-PCR was performed on 100 ng RNA with Retroscript kit (Ambion, Austin, TX, U.S.A.). Briefly, first-strand synthesis combined RNA with 0.4 mM dNTPs and 4 M decamers in 25 L at 80°C for 3 min. The reaction was iced and 2 L 10X RT-PCR buffer, 1 L RNase inhibitor, and 1 L mMuLV RT were added and incubated at 42°C for 1 h. Nonquantitative PCR was performed as previously described (10) using the following oligonucleotides: CRAMP: F1 (AG-GAGATCTTGGGAACCATGCAGTT) and R1 (GCAGATC-TACTGCTCCGGCTGAGGTA). mBD-1: F (GGCTGCCAC-CACTATGAAAACTC) and R (CCATCGCTCGTCCTTT-ATGTCCA). mBD-4: F(AACATGCATGACCAATGGAG) and R (TCATCTTGCTGGTTCTTCATCT). 18s primers were from Ambion (classic 18s standard).
Real-time quantitative PCR. Real-time quantitative PCR was performed using a GeneAmp 5700 Sequence Detection System from PerkinElmer (Boston, MA, U.S.A.). 18s Classic Primers (Ambion, TX) were used to amplify 18s; CRAMP-F (CTTCAACCAGCAGTCCCTAGACA) and CRAMP-R (TC-CAGGTCCAGGAGACGGTA) to amplify CRAMP cDNA; mBD-4 F (CACATTTCTCCTGGTGCTGCT) and mBD-4 R (GATAATTTGGGTAAAGGCTGCAA) were used to amplify mBD-4. One microliter reverse-transcriptase reaction was used in 23.5 L SYBR Green PCR Master Mix (Applied Biosystems, Warrington, U.K.) and 0.25 L of each 10 M primer. The thermal profile was as follows: 50°C for 2 min, 95°C for 10 min, 40X (94°C for15 s, 60°C for 1 min). Results were analyzed using the Comparative Ct Method, where Ct is the number of cycles required to reach an arbitrary threshold. This method is based on the assumption that both the target (CRAMP or mBD-4) and reference(18s) primers amplify with the same efficiency within a given range of mRNA starting concentrations. To test this assumption, cDNA was made from mouse bone marrow mRNA as described above with 500, 100, 50, 10, 5, 1, and 0 ng starting mRNA. RT-PCR was performed on triplicate samples and the change in Ct (⌬Ct) calculated. For each starting concentration of mRNA, ⌬CT ϭ CT,R Ϫ CT,G, where R ϭ reference and G ϭ target. This was plotted against the log of the starting mRNA concentration. The flatter the slope of the resulting plot, the closer the primer pairs correlate. The efficiencies are close enough to not require a correction factor over the specified range if the slope is Յ0.1. The ⌬⌬Ct for samples were calculated as ⌬⌬CT ϭ ⌬CT,E Ϫ ⌬CT,B, where E ϭ experimental and B ϭ baseline. The baseline sample is one known to have low expression of the target molecule (adult skin for CRAMP and mBD-4). The experimental samples were the fetal and newborn mouse skins (and adult skin for mBD-4). Relative expression is calculated as 2
⌬⌬CT to account for the exponential amplification of the PCR reaction.
In situ hybridization. For preparing in situ RNA probes, the PCR product of the CRAMP mature form sequence (CRmf, 159 bp) was amplified. This product was sequenced to confirm identity, then inserted in the PCR II-TOPO vector (TOPO TA Cloning version M, Invitrogen). Plasmid DNA was subsequently purified using a DNA Extraction Maxi Kit (QIAGEN, Valencia, CA, U.S.A.) and linearized with restriction enzymes (BglII and XbaI) for anti-sense and sense RNA probe, respec-567 ANTIBIOTIC PEPTIDES IN NEONATAL SKIN tively. Digoxigenin-labeled riboprobes were prepared on linearized plasmid using the digoxigenin (DIG) RNA labeling kit (SP6/T7, Roche Molecular Biochemicals, Mannheim, Germany) following the instructions provided. Two microliters of the plasmid containing cDNA for CRmf was blotted on nitrocellulose filters (Osmonics, Westborough, MA, U.S.A.) and UV cross-linked to confirm the specificity of the labeled probes.
Fresh frozen sections, 10 m, were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, and pretreated with 1 g/mL proteinase K (Roche Molecular Biochemicals) in PBS for 15 min, at 37°C. Sections were treated with a 1 M triethanolamine solution (pH 8.0) containing 0.25% acetic anhydride for 15 min at 37°C, washed with PBS at least three times, then treated with 100% ethanol for 5 min and dried. Prehybridization was performed with 50% formamide in 2ϫ sodium saline citrate (SSC: 3 M sodium chloride, 0.03 M sodium citrate) for 30 min at 45°C. After removing excess solution, sections were hybridized for 16 h at 45°C with sense or antisense DIG-labeled cRNA probes (1 g/mL) in hybridization solution [1 mg/mL yeast tRNA, 20 mM Tris-HCl buffer (pH 8.0), 2.5 mM EDTA, 1ϫ Denhart's solution, 0.3 M NaCl, 50% deionized formamide, 50% dextran sulfate]. Stringent washing was performed for 60 min at 45°C with 50% formamide in 2ϫ SSC, and for 10 min at 37°C with 2ϫ SSC. RNase treatment was carried out with 40 g/mL of RNase-A (Roche Molecular Biochemicals) for 30 min at 37°C. After washing with the 2ϫ SSC for 30 min at 37°C, sections were incubated with anti-DIG alkaline phosphate Fab fragment antibody (1:500, in PBS, Roche Molecular Biochemicals) for 5 h at room temperature. Alkaline phosphate was visualized by incubation with 5-bromo-4-chloro-3-indolyl phosphate (Xphosphate) and NBT with addition of levamisole solution (DAKO, Carpinteria, CA, U.S.A.) overnight at room temperature. Methyl green stain was used for nuclear counter-stain. RNA preservation in tissues was confirmed by similar hybridizations using a keratin 14 antisense probe (insert 175 bp).
Liquid bacterial killing assay. Bactericidal activity of LL-37 and hBD-2 was tested in a liquid killing assay. GBS COHI type III were grown in THB (Sigma Chemical) to an OD 600 nm of 0.05, which corresponds to ca 5 ϫ 10 7 CFU/ml. Bacteria were washed two times with 0.1% THB, 10 mM Na phosphate, pH 7.4, by centrifuging bacteria 6000 ϫ g for 30 sec, decanting supernatant and resuspended in 0.1% THB, 10 mM Na phosphate, pH 7.4. Bacteria were incubated at 37°C for 2 h with various concentrations of serial diluted synthetic LL-37 and/or hBD-2 from 32 M to 0 M. Bacterial cultures were plated in triplicate on THB agar plates and incubated overnight at 37°C. Colonies were counted and percentage killed was calculated based on number of colonies present in experimental cultures versus a no peptide control culture.
RESULTS
Expression of cathelicidins is increased in embryonic and newborn skin. In humans and mice, antimicrobial peptides of the cathelicidin family are not detectable in normal adult skin, but are abundantly expressed after injury (7). To determine expression in the perinatal period, immunohistochemical analysis was performed with anti-CRAMP and anti-LL-37 antibodies in mouse and human skin, respectively. CRAMP was detected in E17 through d 4 and primarily located in basal keratinocytes (Fig. 1, A and E) . Expression was highest in d 4 and increased from E15 to d 4 (data not shown). Specificity of the antibody was confirmed on control sections stained with rabbit IgG (Fig. 1, B and F) , and nonspecific association of IgG was noted in sebaceous structures. Neutrophils were not noted in sections, therefore these cells were not likely to contribute to the protein detected in the epidermis. In situ hybridization confirmed expression in keratinocytes by demonstrating mRNA for CRAMP in E17 skin (Fig. 1C) and d 1 skin (data not shown). Human cathelicidin (LL-37) was also strongly expressed in human newborn foreskin ( Fig. 2A) , but only barely detectable in healthy adult axilla skin (Fig. 2B ) compared with control sections stained with preimmune sera (insets). Quantitative evaluation of CRAMP expression in mouse embryonic and newborn skin. To more quantitatively evaluate the increased expression of cathelicidins seen in perinatal skin in Figure 1 , mRNA levels were examined by quantitative real-time RT-PCR in mouse skin at several time points. Assay reliability was evaluated in Figure 3A , confirming a linear relationship between sample quantity and cycle number. Mouse E15, E17, d 1, and d 4 skins were compared with adult skin samples and a bone marrow (BM) positive control. Figure  3B shows CRAMP message was increased in both embryonic and newborn skin by between 10-and 100-fold compared with adult skin.
Mouse ␤-defensin-4 and ␤-defensin-1 mRNA is present in adult, newborn. and embryonic skin. ␤-defensins are coexpressed with cathelicidins in the skin during inflammatory conditions and are thought to participate in the antimicrobial peptide defense barrier (13) . To evaluate their expression in perinatal skin, RT-PCR was performed on mRNA extracted from embryonic, newborn, and adult mouse (Fig. 4) . E17, d 4, and adult skin all had strong mBD-1 signals, as did the esophagus positive control, but not the bone marrow negative control. This contrasted with the data for mBD-4. The esophagus positive control was again highly positive, but the intensity of the faint signal detected in skin for mBD-4 varied across the three ages, with the embryonic having the strongest signal. This data were quantified by real-time PCR in Figure 5 , using unique primers for mBD-4 and standardization as done for cathelicidin. In contrast to cathelicidin, mBD-4 mRNA showed higher levels in embryonic and adult skin, but very little in the newborn period.
Human ␤-defensin 2 and mouse ␤-defensin 4 protein is present in perinatal skin. Immunohistochemistry was performed on human and murine skin to evaluate expression of hBD-2 and mBD-4 protein. The expression pattern of these ␤-defensins in neonatal skin was similar in humans and mice. Human neonatal foreskin expressed hBD2 most abundantly in the basal layer, as well as throughout the epidermis (Fig. 6A) . In d-4 mouse skin, mBD-4 was expressed evenly throughout the epidermis, without the increased concentration within the basal keratinocytes seen in human foreskin (Fig. 6C) . Consistent with the mRNA expression quantified in Figure 5 , adult mouse and human skin also had low but detectable mBD4 and hBD-2 protein by immunostaining (data not shown).
Cathelicidin acts synergistically with hBD-2 to kill GBS. GBS is a potentially lethal infant pathogen. Because both human cathelicidin and ␤-defensins were found to be present in perinatal skin, we determined whether they were effective natural antibiotics against this relevant pathogen. Experiments Figure 2 . LL-37 is constitutively expressed in newborn foreskin. LL-37 expression in foreskin (A) and adult axillary skin (B) was evaluated with rabbit immune serum and rabbit preimmune serum (insets) as a negative control. Skin from healthy human axilla (B) has almost no LL-37 detectable compared with the preimmune sera control, but newborn human foreskin (A) shows a strong signal throughout the skin, especially in the basal keratinocytes. Magnification is 100ϫ and the scale bar is 40 m. 
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were performed in hypotonic media that can maximize the antimicrobial action of both LL-37 and hBD-2. Figure 7 shows that LL-37 alone had a MBC of 16 M and hBD-2 alone had an MBC of 8 M against GBS. However, these two peptides combined at 4 M each killed 100% of GBS, effectively cutting the required MBC concentration in half or more. Thus, under these conditions the peptides act synergistically to kill GBS.
DISCUSSION
In the present study, we have shown that skin in the perinatal period constitutively produces antimicrobial peptides. Two antimicrobial gene families were investigated, cathelicidins and ␤-defensins. In humans and mouse, a single gene for cathelicidin has been described [reviewed in (14) ] and four members of the ␤-defensin family are known (15) , although more may be present (16) . In this study, investigation of the murine cathelicidin (CRAMP) and human cathelicidin (LL-37), revealed that in both species, expression is significantly elevated in the perinatal period when compared with adult skin. This relative overexpression of antimicrobial peptide in the newborn was not apparent for murine ␤-defensins. These antimicrobials were present in similar amounts when perinatal skin was compared with adult, although mBD-1 mRNA greatly exceeded the expression of mBD-4 and hBD-2. Thus, these observations reveal an enhanced innate immune barrier is present in the skin while some cellular immune defense systems are yet to mature.
The mammalian antimicrobial peptides are expressed in a tissue-specific pattern and in certain circumstances are induced in response to specific stimuli [reviewed in (7)]. For cathelicidin, expression has been described as most abundant in leukocyte precursors within the bone marrow (17), within epithelial tissues such as those of the gastrointestinal tract (18) and lung 570 (19) , in seminal fluid (20) , and after injury within keratinocytes of the skin (21, 10) . The expression of ␤-defensins overlaps in specific situations with cathelicidins, most notably hBD-2 (the homologue of murine mBD-4), and is highly induced in keratinocytes in conjunction with the human cathelicidin LL-37 in inflammatory skin conditions such as psoriasis (13, 21) . Both cathelicidin and ␤-defensin expression is minimal in normal adult skin, suggesting that alternative innate immune defense systems are functioning in noninjured adult skin. However, the present findings contrast to these prior observations in the adult. In skin obtained during the newborn period from both mice and humans, cathelicidin and ␤-defensin expression is present in the absence of inflammation. In the case of CRAMP, expression was highly abundant, approaching that seen after injury of adult skin (10) . The elevated expression observed in newborn skin was not the result of undetected injury or bacterial stimulation, as high levels of expression were seen when harvested immediately from normal mouse embryos dissected under sterile conditions. Furthermore, although LL-37 expression was only investigated in newborn foreskins, thus presenting the possibility that location rather than developmental age could explain these observations, in the embryonic and newborn mouse increased CRAMP expression in skin was generalized and not dependent on location.
To explore the potential functional significance of increased antimicrobial peptide to the newborn, we have shown that LL-37 and hBD-2 have synergistic antimicrobial activity against the neonatal pathogen GBS. The sensitivity of GBS to either LL-37 or hBD-2 was much less than GAS, the more frequent pathogen in adults (10) . This relative resistance of GBS to these antimicrobial peptides may explain, in part, the frequency of GBS as a neonatal pathogen compared with GAS, the more frequent pathogen in adults whose skin have a relative lack of LL-37 and hBD-2 under normal conditions. Studies of the innate antimicrobial activity of LL-37 and hBD-2 alone (13, 22) , or the enhanced activity of antimicrobial peptides when combined (23, 24) , provide additional support our observations that these peptides kill important potential pathogens. Furthermore, the presence of natural antibiotics in skin has been shown in vivo to be essential for resistance to GAS; CRAMP-deficient adult mice challenged with GAS developed larger skin infections and take longer to repair necrotic skin lesions than their wild-type littermates (12) . This dependence on production of cathelicidin in mouse skin was observed in the adult period, and was seen despite an otherwise apparently normal cellular adaptive immune response system. The present findings also suggest that the regulation of cathelicidin expression differs from that of the ␤-defensins. This is consistent with known differences in their tissue-specific expression as well as our observations that IL-4 and IL-13, cytokines that are elevated in atopic dermatitis, can decrease expression of HBD-2 but not LL-37 (25) .
Newborns have a diminished ability to initiate an appropriate neutrophil functional response and stimulate proliferation in response to bacterial infection (1) . Among the defects in neonatal neutrophil function are a relative deficiency in the antimicrobial protein bactericidal/permeability-increasing protein (BPI), but normal levels of ␣-defensin antimicrobial peptides (26) . In consideration of this relative deficiency in cellular immune function, it is attractive to speculate that an augmented innate antimicrobial peptide defense mechanism is beneficial to the newborn and provides an essential level of microbial protection. Precedence for the expression of cathelicidins as a potential mechanism for augmenting neonatal immune response has been previously described in the pig, whose ability to produce multiple members of the cathelicidin gene family is augmented in blood neutrophils before 42 d of age (27) . Furthermore, human ␤-defensin-1 expression has been described in breast milk and in breast tissue during lactation (28, 29) , and expression of defensin peptides has been described in newborn mouse intestine (30) and in necrotizing enterocolitis (31) . Prior studies have also shown that in several animal models the constitutive over expression of antimicrobial peptides at epithelial interfaces provides an enhanced level of protection against bacteria (32) . Furthermore, cathelicidins and ␤-defensins interact with adaptive immune systems through stimulation of chemotaxis (33, 34) , a function that may be either beneficial to the host if activity is manifested in appropriate response to microbial challenge, or deleterious if this leads to inappropriate skin inflammation. In addition, because these peptides have other activities on the host that do not relate directly to antimicrobial action (35) , it is possible that the differences in expression seen in the newborn period relate to these effects and not solely to antimicrobial action. Further analysis of antimicrobial peptide expression and function in the neonatal period will therefore be important to enhance understanding immune defense in the newborn and provide potential therapeutic strategies not previously considered.
